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The major topics of current developments in the household appliance industry are cost reduction and the 
optimization of energy efficiency. For that purpose mathematical simulation models are increasingly used. However, 
most of these models are based on measurements. Hence, a geometrical optimization of the refrigerant cycle 
components is practically impossible. If physical based models are used, optimization is mostly done manually by 
varying individual geometric properties. Due to the large amount of parameters and possible combinations a 
determination of the optimal parameter setting is not possible. Moreover, each parameter combination requires a 
separate adjustment of the overall system and the control strategy which makes it even more difficult to achieve an 
optimal solution. 
 
Therefore IAV developed very detailed geometrical and physical based simulation models for different types of 
refrigerant compressors, heat exchangers and expansion valves. These component models were combined into one 
system model and validated by measurements. 
 
The component models as well as the system model were extended by a special optimization algorithm. That makes 
it possible to automatically optimize the geometrical parameters of any component in the integrated system, 
considering given boundary conditions. Finally, the energy efficiency of the refrigeration system can be increased in 
compliance with the predefined installation space. 
 
At first, this contribution introduces the physical based modelling of rotary piston compressors, round tube finned 
heat exchangers and capillary tubes. Then the combination of these component models to a system model and the 
automated optimization approach will be described. As a next step, the automated geometry optimization will be 
demonstrated using a standard merchantable household dehumidification unit. The results will be illustrated for 
different objective functions and boundary conditions. Finally, the achieved improvements are presented and 




The acquisition costs as well as the energy efficiency of household appliances are major purchasing arguments for 
customers. In addition, the energy consumption must be indicated at the front of every appliance due to European 
legal regulations. Thus the household appliance industry needs to build highly energy efficient appliances at a 
reasonable price.  
 
To fulfill these requirements, mathematical simulation models are increasingly used. Thus it is possible to evaluate 
new measures at a very early stage of development. However, most of the used models are based on measurements, 
which exclude a geometric optimization.  
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Contrastingly, a worthwhile approach is the use of geometry and physical based simulation models. With this kind 
of model, new component geometries can be simulated directly without providing measurements. In addition, it is 
possible to use the simulation models for a geometric optimization of the components. However, a manual 
optimization by varying individual geometric properties is not really worthwhile due to the large amount of 
parameters and possible combinations.  
 
Therefore, the approach of IAV is the implementation of an automated optimization algorithm into the geometry and 
physical based models. In this way, it is possible to optimize the geometrical parameters of any component in the 
refrigerant cycle automatically, which leads to improved systems with a higher energy efficiency and faster 
development times. This contributes to the above mentioned targets of the household appliance industry. 
 
The following chapter introduces the physical based simulation models. The main focus here is on the rotary piston 
compressor. This is followed by a description of the investigated household dehumidifier, and an explanation of the 
performed measurements to validate the simulation models. Afterwards the optimization algorithm is described and 
applied for an optimization of the dehumidifier. Chapter 5 illustrates the results for different objective functions as 
well as the achieved improvements compared with the basic appliance. The contribution concludes with an outlook 
for further investigations. 
 
2. SIMULATION MODELS 
 
For the following investigations a simulation model for a typical refrigeration cycle of household appliances was 
developed. This model consists of geometry and physical based models for all components of the refrigeration cycle: 
 
• compressor (rotary piston compressor) 
• heat exchangers: condenser and evaporator (round tube finned heat exchangers) 
• expansion valve (capillary tube) 
• tubes (between all above mentioned components) 
 
These component models were connected to a system model in a way that the outlet state of one component is equal 
to the inlet state of the following component.  
 
All simulation models were validated in detail with the help of measurements. The validation results for an 
exemplary household dehumidifier are described in chapter 3. 
 
The primary concern here is a short description of the rotary piston compressor model (Figure 1a). These 
compressors are basically structured in a compression housing with a certain height and a specific bore diameter. In 
addition there is an eccentric mounted rotor which is driven by an electric motor. Moreover there is a spring-loaded 
vane to separate the two chambers of the compressor. 
 
To simulate this type of compressor, mathematical functions for the volume of both the suction and the discharge 
chamber depending on the driving angle  have to be defined at first. The coordinates of the rotor (cf. Figure 1b) 
center are defined as follows: 
 
      cos   R R Hx r r   (1) 
      sin    R R Hy r r  (2) 
 
Thereby, the origin is defined at the center of the housing bore, which is also the center of the electric motor. The 
position of the vane can be calculated with: 
 
      
22    V R R Rx x r y  (3) 
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Figure 1: a) Rotary piston compressor, b) Area segmentation 
 
For the calculation of the chamber volume it is worthwhile to calculate the chamber area, first. The housing area AH 
and the rotor area AR1 from 0° to  are: 
 







H HA r  (4) 







R RA r  (5) 
 







  R RA r  (6) 












, and (7) 
      3
1
2
     R V RA x y  (8) 
 
The last area is the one of the vane, which must be included half in each chamber. Neglecting the light fillet on the 
vane their half area is defined as 
 
     
1
2
    V H V VA r x w  (9) 
 
Using eq. 4-9 the volume of the suction chamber is calculated as  
 
             1 2 3             S H R R R V H S deadV A A A A A h V  (10) 
 
and the volume of the discharge chamber as 
 
         2 2 2           D H R V H S S dead D deadV r r A h V V V  (11) 
 
where hH is the height of the compression housing and Vdead are the dead volumes. 
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The thermodynamic processes in the compressor chambers can be described as ordinary differential equations for 
 
 the gas masses inside the chambers, 
 the chamber temperatures and 
 the acceleration of the outlet valve. 
 
The derivative of the gas mass in a chamber is caused by the inflowing gas mass through the inlet bore, the 
outflowing gas mass through the outlet bore and the leakage mass flow rate from the discharge to the suction 
chamber (Figure 2a). The inflowing and outflowing mass flow rates can be calculated according to (Baumgart, 
2010). For the leakage gas mass a good proposal is given at (Bell, 2011). At each revolution of the compressor, there 
is a compressed gas mass in the outlet channel between the discharge chamber and the outlet valve. At a certain 
driving angle this channel opens to the suction chamber (cf. Figure 2b) which leads to a back flow of compressed 












Finally, the derivative of the gas mass in the suction and the discharge chamber are given as: 
 
 
   
  S In OB Leak
dm dm dm dm
d d d d
 (13) 
 
   
   Out OB LeakD
dm dm dmdm
d d d d
 (14) 
 
After one revolution, the suction chamber gas mass becomes the initial gas mass of the discharge chamber. The 
















Figure 2: Gas masses and mass flows 
 
At any driving angle, the current gas mass in the chamber is used to calculate the refrigerant density using the 
volume functions (eq. 10-11). For the calculation of the chamber temperature derivatives an approach of (Röttger, 
1975) was used. With a known chamber density and temperature all corresponding refrigerant properties can be 
calculated, e.g. using REFPROP (Lemmon et al., 2013).  
 
To calculate the outflowing gas mass (cf. eq. 14) the valve lift xValve is a required input parameter. This value can be 
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In this equation, mValve Red is the reduced mass of the valve plate, b is a damping factor which is mainly caused by the 
gas stream between the valve plate and the valve seat or the valve limiter. This damping is usually significantly 
higher than the material damping. FSeat is virtual force to describe the elasticity of the valve seat.  
 
By solving this coupled ordinary differential equation system, the temperature, the gas mass and the pressure for the 
chambers as well as the dynamic valve behavior can be calculated for any driving angle. Figure 3 shows some 



















Finally, the required electric driving power of the compressor can be calculated as an integral of the indicated torque 
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Figure 3: Results of the rotary piston compressor model 
 
The condenser and the evaporator of household devices are usually round tube heat exchangers with smooth or 
corrugated fins and one or more layers. In the simulation model, every tube of each layer is discretized into several 
calculation cells. For any cell an energy balance equation can be solved, because the heat flows on the air side and 
the refrigerant side are identical in stationary state. A general distinction between gas, steam and fluid flows is 
necessary. The refrigerant inlet state of a cell is equal to the refrigerant outlet state of the preceding cell. If the 
calculation is executed sequentially for each cell element, the heat exchanger outlet states can be determined. 
 
Using the heat exchanger model it is possible to calculate arbitrary tube orders and layer arrangements as well as an 
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3. MEASUREMENTS AND VALIDATION 
 
The connection of the above explained compressor model with the physical based models for the heat exchangers 
and the expansion valve lead to a holistic model for the refrigeration cycle. In this chapter the validation of this main 
model will be described. 
 
For this purpose, a series of measurements was performed on an exemplary household dehumidifier. The tested 
appliance is equipped with a rotary piston compressor with a displacement of 6.5 cm³. The evaporator is a round 
tube finned heat exchanger with one layer. The condenser is installed directly behind the evaporator and has two 















Figure 4: a) and b) Air Dehumidifier (without housing), c) Test bench setup 
 
The device was measured at different operating points, which are described in Table 1. The range of measured 
conditions was chosen to meet typical ambient conditions for such a dehumidifier. For any operating point the inlet 
and outlet air state (volumetric flow rate, temperature, pressure and relative humidity) and the condensate mass 
during a specific time period were measured. Additionally, the temperatures at different points of the refrigerant 
cycle as well as the condensing and the evaporating pressure were logged. A further measured value was the power 
consumption of the appliance. Figure 4c shows the test bench setup and a part of the measurement sensors for the 
inlet air state.  
 
Table 1: Operating points for the validation measurements 
 
No. 
Air Inlet  
Temperature [°C] 
Air Inlet  




Air Inlet  
Rel. Humidity [%] 
1 30 80  4 25 50 
2 25 90  5 30 50 
3 27 60  6 40 60 
 
An extract of the comparison between experimental measurements and simulation results is illustrated in Figure 5. It 
can be seen, that all investigated operating points have a good match between measurements and simulations. The 
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With the presented simulation model some optimizations were carried out to improve the performance of a 
household dehumidifier. These optimizations were executed for different targets: in a first optimization run (A), the 
objective was to maximize the condensation rate of the dehumidifier, which is the primary target of these appliances. 
In a second run (B), the objective was a reduction of the required electric power. Finally, the third run (C) combined 
these two objectives with a balanced weight for each goal. 
 
Such optimization calculations are only possible with geometry and physical based component models as introduced 
above. Conventional map based models are not suitable for this purpose, because there is no representation of the 
geometric parameters inside these models. 
 
The used optimization algorithm is a variation optimizer. In each optimization step a cycle simulation is executed 
with exactly one modified geometric parameter. This means, that a parameter is alternated by a certain increment in 
a defined direction. The alternated parameter is retained, if the cycle simulation leads to a better result regarding the 
optimization objective. Successively, the calculation is done for all geometric parameters which should be 
optimized, first in positive direction and subsequently in negative. This process is repeated until no better result can 
be achieved. Then, the increment is halved and the optimization process starts again. Additionally, the preset 
minimum and maximum boundaries for all parameters are respected. The whole procedure is repeated until the 
increment is smaller than a predefined value or a maximum number of iteration steps is reached.  
 
An advantage of this algorithm is the easy way of implementation. Furthermore, there is no need to calculate 
derivatives, which improves the speed especially with high numbers of parameters which should be optimized.  
 
For the optimizations only these parameters have been chosen, which can be easily influenced by the manufacturer. 
Thus the parameters described in Table 2 were considered. 
 
Table 2: Optimization parameters 
 
Condenser Capillary Evaporator 
Outside tube diameter 
Tube material thickness 
Distance between the fins 





Outside tube diameter 
Tube material thickness 
Distance between the fins 
Thickness of the fins 
 
The geometric properties for the compressor were not optimized, because the compressor is almost always a 
purchase part and the appliance manufacturer has no substantial influence on this part. Additionally, the outer 
geometrical dimensions of the dehumidifier should stay constant. This is why the number of layers as well as the 
width and the depth of the heat exchangers were neither optimized.  
 
 2109, Page 8 
 
16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016 
For all these parameters the real geometry of the dehumidifier was used as initial geometry. The lower and upper 
optimization boundaries were defined with a 20 % deviation from the initial geometry.  
 
The optimization calculations were performed for two operating points, one at a very high load (30 °C, 80 % r.H.) 




This chapter explains the results of the above mentioned optimization runs for the dehumidifier. Table 3 shows the 
values of the optimized geometric parameters compared with the reference values. The table is separated into 
columns for the parameters of the condenser, the capillary tube and the evaporator. As mentioned, the geometric 
parameters of the compressor were not optimized. The table rows represent the reference value (initial geometry) 
and the three different optimization objectives A, B and C. 
 
Table 3: Optimized Geometric Parameters 
 
Optimization 





















[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 
Reference 7.00 0.50 1.8625 0.0800 330.0 7.00 0.50 1.8625 0.0800 
A 6.72 0.60 1.9370 0.0704 277.2 7.56 0.46 1.4900 0.0640 
B 7.00 0.42 1.6297 0.0656 330.0 6.72 0.50 1.8625 0.0868 
C 7.00 0.50 1.7508 0.0772 303.6 7.28 0.47 1.7135 0.0752 
 
The diagrams in Figure 6a illustrate the achieved results of the geometric optimizations. The left diagram shows the 
condensation rate of the evaporator for the two operating points and the different optimization objectives. The right 
diagram shows the corresponding power consumption of the dehumidifier.  
 
The objective for the first optimization run (A) was a maximization of the condensation rate. It can be seen, that the 
condensation rate could be improved by about 18.5 % for both operating points. However, the power consumption 
increases, too. The additional driving power is 10.9 % for the first operating point and 10.3 % for the second 
operating point, respectively. Nevertheless, this first geometric optimization is already a successful step, because the 
increase in condensation rate is greater than the increase in power consumption. In addition, the geometric 
optimizations can be basically realized without additional costs merely by modifying the component dimensions. 
 
With the second optimization run (B) the focus was on a minimization of the power consumption. In Table 3 it can 
be seen, that the direction of most of the optimized geometric parameters is diametrical to optimization run (A). The 
achieved driving power reduction is 11.6 % for the first operating point, and 9.4 % for the second. The condensation 
rate, though, decreases, too. The reduction here is 13.1 % and 12.1 %, respectively. Thus, the decrease in 
condensation rate is marginally higher compared with the decrease in driving power, which means that the power 
reduction is a quite good result. However, the overall efficiency of the dehumidification appliance is slightly 
impaired.  
 
Therefore, the objective of the last optimization run (C) is a combination of the objectives (A) and (B). A newfound 
geometric parameter set was retained, when the relative increase in condensation rate together with the relative 
decrease in driving power led to a better result compared with the reference set. The influencing factor of these two 
subobjectives was balanced. The increase in condensation rate is 3.0 % and 4.6 % here. In contrast to optimization 
run (A), the increased condensation rate does not lead to an increased driving power due to the modified 
optimization objective. In this case, the power consumption is decreasing with 1.9 % for the first operating point and 
1.4 % for the second one, respectively. With a look on Table 3 it can be seen, that most of the geometric parameters 
in run (C) are as expected between their values in run (A) and run (B).  
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30  C, 80 % r.H. 25  C, 90 % r.H. 30  C, 80 % r.H. 25  C, 90 % r.H.
Optimization Objectives:
Reference A: Maximize Condensation Rate
C: Maximize Condensation Rate AND Minimize Power Consumption













































































Figure 6: Optimization results  
 
These three different optimization objectives illustrate the significant influence of geometric optimizations on the 
condensation rate and the power consumption of a standard dehumidifier. To evaluate the most promising objective 
it is worthwhile, to calculate the specific dehumidification performance. This value is shown in Figure 6b for the 
different optimization objectives and the operating points. The unit here is kg per kWh, which describes the mass of 
condensed water using an energy amount of 1 kWh. 
 
In this diagram it can be seen that the specific dehumidification performance of optimization run (C) is nearly at the 
same level as run (A), which has the highest performance. This is quite interesting, because the increase in 
condensation rate and the decrease in driving power are comparatively low in this run. Contrastingly, run (A) leads 
to a significant condensation rate increase. However, there is also a great increase in the power consumption, which 
leads to an impaired specific dehumidification performance. 
 
The results demonstrate in a clear way, that already simple geometric optimizations lead to a reduced driving power 
or an increased condensation rate. Additionally, these objectives can be combined to a balanced or weighted 
multicriterial optimization. Depending on the optimization objective and the operating point, the achieved 
condensation rate increase is up to 18.5 % or the reduction in power consumption is up to 13.1 %.  
 
6. CONCLUSION AND OUTLOOK 
 
This contribution introduced detailed geometry and physical based simulation models for refrigerant cycles, first. 
The model for the rotary piston compressor was described in particular. Afterwards these models were validated 
with the help of measurement, which were performed on the test benches at IAV. 
 
Based on these models, an automated optimization algorithm was described. In this way, it is possible to optimize 
the geometrical parameters of any component in the refrigerant cycle automatically, which leads to faster 
development times and better systems. 
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This automated optimization algorithm was used for the optimization of a standard household dehumidifier. The 
simulations have clearly demonstrated that already simple geometric optimizations lead to a reduced driving power 
or an increased condensation rate. Additionally, these objectives can be combined to a balanced or weighted 
multicriterial optimization. The achievable increase in condensation rate is up to 18.5 %. The maximum power 
reduction reached about 13.1 %.  
 
Future works will extend the optimization approach on the compressor and on further household appliances. The 
development and implementation of alternative efficient optimization algorithms is also an interesting topic. 
Furthermore, the simulation models and automated optimization algorithms might be interesting for other 




A area (m²) r radius (m) 
b damping (kg/s) t time (s) 
c spring rate (N/m) T temperature (K) 
cp pressure coefficient (-) V volume (m³) 
d diameter (m) w width (m) 
F force (N) x x-coordinate (m) 
h height (m) y y-coordinate (m) 
m mass (kg) g  angle (rotor center and x-axis) (rad) 
M torque (Nm)   efficiency (-) 
n rotational speed (1/s)   density (kg/m³) 
p pressure (Pa)   driving angle (rad) 
P power (W)   angular velocity (rad/s) 
 
Subscript 
Comp compressor  OB outlet bore 
D discharge chamber  Out outlet 
Eff effective  R rotor 
H housing  Red reduced 
HP high pressure  S suction chamber 
In inlet  SH superheating 
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